Dominating globally and within Ukraine, the blast-furnace practice for iron production requires iron ore sintering preparation wherein the significant amount of fossil fuel is consumed, accompanied by harmful emissions into the environment. Pursuing the purpose to mitigate this negative impact, we address the promising direction of biomass utilisation for a partial replacement of fossil fuels in iron ore sintering. This paper considers the benefits of fossil fuels substitution with biomass, the world practice of biomass utilisation in iron ore sintering and the scope of the biomass energy potential in Ukraine. The study for obtaining sinters with the use of raw biomass fuels (sunflower husk, walnut shell) and charcoal has been carried out via lab-scale sintering pot. The influence of various biomaterials types on the process of iron ore sintering have been investigated and the obtained sinter quality in comparison with the conventional types of the fuels allows establishing the feasibility of replacing 25 % of coke breeze by charcoal or by walnut shell. The sunflower husk application is possible if preliminary preparation of the material for increasing bulk density is assumed to be carried out, for instance, by pressing.
Introduction
Steel production in 2017 amounted approximately 1691.2 million tons, and according to the reported demand [1] , in the nearest future this production will increasingly grow. Meanwhile, higher prices on conventional energy resources and their negative impact on the environment increase the share of renewable energy in the world. The use of biomass for energy based on contemporary technology is environmentally safer than the use of conventional energy from nonrenewable sources such as coal. An important aspect is that the transition from fossil fuel sources to renewable sources will be more efficient through the use of local resources and already existing infrastructure [2] [3] [4] [5] . One of the most promising types of renewable energy sources is biomass, which occupies the fourth place among fuels by value. Biomass is the only energy in the nature that contains a carbon resource in a fairly large quantity to be effectively used as a substitution of fossil fuels. Annually, biomass accounts for about 1.4 billion toe, which is about 14 % of the total primary energy consumption in the world. In the EU energy plans, the task is to increase the share of the energy produced from renewable energy sources in gross final energy consumption of up to 20 % by 2020, including those from biomass of up to 14 %. The same indicator in 2030 should be of 27 % [6] . According to the Bioenergy Association of Ukraine, the total potential of biomass energy was 20.2 million toe in 2015. The main constituents of this potential were the by-products of crop DOI 10.12776 production (straw of cereals and rapeseeds, corn stalks, sunflower, etc.) with the share of 37.6 % and energy crops (willow, poplar, miscanthus) of 39 % [7] . However, according to the State Statistics Service of Ukraine, the total supply of primary energy from biomass was only 2.2 % in the same 2015. Apparently, finding the ways to increase the share of biomass utilisation is becoming an urgent task since there is a significant reserve to increase the energy benefits from the biomass concentrated in the industries, the main consumers of energy resources. One of such industries is metallurgy. The world`s specialised scientific laboratories have been actively exploring the use of biomass instead of fossil fuels in various metallurgical processes over the last decade. The ways of utilisation for the biomass and the products of its processing in metallurgy are discussed in detail in works [8] [9] [10] [11] . It is shown that, the use of biomass in metallurgical industries is complex in terms of scientific, technological and economic issues. Most important route for steel production is blast furnace/basic oxygen furnace (BF-BOF). The BF-BOF route represents about 70 % of the world steel production and, respectively, is the most fuel dependent. Therefore, the most effective approach in terms of CO2 mitigation and the replacement of conventional fuels and reducing agents can be considered the biomass utilisation in blast furnace ironmaking [12] [13] [14] [15] [16] . A number of works had been carried out over the efficiency issues of biomass application in the process of iron ore sintering. Ooi et al. [17] studied in detail the use of sunflower husks as an additional fuel incorporated in iron ore sintering. It was established that when replacing 10 % of coke breeze with the sunflower husk in sintering, there were no significant changes observed either in the combustion characteristics of the thereof process or in sinter quality. The use of charcoal instead of coke or coal during iron ore sintering increased the sintering velocity. This increase was explained to depend on the type of the biomass source and its share in the fuel component. Generally, the efficiency of charcoal adding is known to be dependent on its origin and is reduced as follows: straw>wood>peat. Furthermore, the biomass addition reduces the maximum temperature of the layer of the materials being sintered and the time to achieve the maximum sintering temperature, and additionally it allows the expansion of sintering temperature range [18, 19] . It is important to note here that the changes in the combustion conditions and the gasification velocity produced by biomass application does not contribute to the formation of liquid calcium ferrite. This leads to the decrease in the sinter strength due to a smaller proportion of calcium ferrite in the mineralogical structure of the sinter [18, 20] . The same conclusion is made by Wei et al. [9] , who indicates that, regardless the biomass type and its amount, the yield of the resulting sinter and its strength are reduced when the biomass participates in the sintering process. The possible mechanism for correcting the sintering process is the change in the size and the amount of the biomass, the amount of wind, as well as the properties of the biomass. Generally, iron ore sintering is the source of a large number of harmful emissions, namely CO, CO2, SO2, NOx and organic compounds [21] [22] [23] [24] . Further, it has been established that the addition of sunflower husk reduces the formation of 2,3,7,8-polychlorinated dibenzo-para-dioxin and polychlorinated dibenzofuran by about 10 % (from 1 to 0.91 ng/nm 3 ) [17] . In the case of replacing 20 % of coke with charcoal, the emissions of dioxins decrease by about 33 % [25, 26] . According to the study [18, 27] , the use of charcoal obtained from straw and sawdust in quantities of 40, 20 and 15 wt.%, reduces SO2 emissions by 38, 32 and 43 %, respectively, while NOx emissions are decreased by 27, 18 and 31 %, respectively. Consequently, the biomass utilisation can reduce the fossil fuels consumption and reduce harmful emissions. However, the negative effect of replacing coke with biomass is in the increase of CO content in the sinter gas [28, 29] . Thus, the CO concentration in gas increases from 2.07 % to 2.85-3.11% by volume for different types of biomass [27] and from 3.0 vol.% to 5.0 vol.% when using charcoal of different types, according to [26] . Solving this issue is possible by changing the amount of air entering the combustion zone of fuel. It is particularly noteworthy that the biomass application in metallurgy is known to reduce the formation of CO2 from fossil fuel. This effect is especially important in terms of the impact of metallurgical processes on climate change [30] . The primary attention is given to the report by Research Fund for Coal and Steel European Commission on the use of alternative carbon material in the sintering of iron ore [31] . The blast-furnace dust and slag, petroleum coke, anthracite, sunflower husks and olive stones are used as alternative fuels. According to the biomass research, the biomass fuel ground to the size smaller than the optimum size of coke breeze, contributes to the improvement of the temperature parameters of sintering, although the process performance and quality of the sinter are reported to be below that level when using coke breeze. Meanwhile, there is the main advantage of using biomass instead of a conventional fuel, it is the reduction of SO2 emissions and the improvement of the CO2 balance. The purpose of the present work is to study the influence of alternative fuels, namely plant biomass, on the iron ore sintering process and the quality of the sinter produced; to analyse the differences in the sintering process with biomass application in comparison with those incorporating the conventional fuels such as coke and anthracite.
Materials and Methods
For the course of the experimental studies, the following materials have been selected for the research: iron ore, iron ore concentrate, coke breeze, limestone, lime, anthracite, walnut shell, sunflower husk and wood charcoal. The chemical composition of the blend materials is given in Table 1 while Table 2 presents the proximate analysis of the fuels applied for the study. From Table 2 it is obvious that the biomass analysed is characterised by a high content of volatile matter, but low ash content and almost no sulphur. It is worth noting that the largest fixed carbon content is a distinguishing feature of the charcoal. The initial blend composition corresponded to the industrial blend. The content (in wt.%) of iron ore concentrate in the blend was 46.75, iron ore -10.5, limestone -10.25, lime -1.5 and coke breeze -6. The amount of the return applied in the blend for the sample preparation was 25 wt.%. In the case of using auxiliary fuel, the amount of fuel consumption has been calculated based on the fixed carbon and therefore different from the coke breeze. The auxiliary fuels were used in individual form, as well as in mixtures with coke breeze in the following ratio (wt.%): 25/75, 50/50 and 75/25. Table 3 shows the actual amount of the fuel in the blend (g), depending on the type of the material used when rounding the nearest whole number. For sintering process used 2 kg pelletized blend. The materials were weighed, mixed, moistened, mixed again and pelletized in the pelletizer of the drum type. The water consumption for each sintering process with coke breeze was 7 wt.%, while in sintering experiments with other fuels the value of water varied, depending on the moisture content of the fuel. The pelletized blend was placed into the sintering pot equipped with a grate pre-wrapped in a bed of sinter with the fraction of 10-5 mm.
The sintering experiments were performed as described below. The initial underpressure was approximately 5 kPa. It should be noted that not in all cases the sintering process started exactly at the specified underpressure. This was due to the significant variations in the gas permeability of the blend column when using different types of fuel. Subsequently, in 60 s, the fuel ignition occurred to start the sintering process, and the ignition temperature was 1250 °C. During the sintering process, the temperature of the exhaust gases and pressure under the grate were controlled. Sintering was completed when the temperature of the exhaust gases reached the maximum and began to decrease. After the sintering process, the study of the obtained sinter was carried out. The abrasive strength and the impact strength indicators have been determined as the percentage of the content of the sinter fraction after the destructive load of less than 0.5 mm and more than 5 mm, respectively.
Results and Discussion
According to the results obtained with the sintering experiments, the main indicators of the sintering process, namely, the sinter quality and the specific capacity have been calculated. The changes in the pressures under the grate during the sintering process are shown in Fig. 1 (a) Changing the underpressure in the case of using 100 % fuel; (b) Changing the underpressure in the case of using 50 % of coke breeze plus 50 % fuel; (c) Changing the underpressure in the case of using 75 % of coke breeze plus 25 % fuel; (d) Changing the underpressure in the case of using 25 % of coke breeze plus fuel 75 %.
Dependence of the sinter yield on the fuel type Dependence of the sintering velocity on the type of fuel
As it can be seen, the addition of biomaterials to the sintering blend leads to an increase in the permeability of the sintered layer. This is due to the fact that the particles of biomaterials are located between the granules of the blend and increase the open porosity of the layer. The dependences of the sinter yield and the sintering velocity on the biomaterial content are shown in Fig. 2 and Fig. 3 . Considering the influence of different types of solid fuels on the required sinter yield (+10 mm), its significant variations from 10 % to 75 % are noticeable. The lowest values have been obtained with the use of sunflower husks and walnut shell. The lowest values for sunflower husks can be explained by very low bulk density. The results of measuring the bulk density of the biomaterials in comparison with anthracite and coke breeze are given in Table 4 . 
Sunflower husk 200
Walnut shell 320
Charcoal 285
Coke breeze 340
Anthracite 620
In addition to reducing the bulk density of the blend, with increasing amounts of biomaterials, the reactivity of the fuel increases. However, the sintering velocity also varies depending on the distribution of fuel in the blend and its size. The indicators of sintering velocity increased dramatically when sunflower husks were used. The maximum temperature of the exhaust gases was 200-280 °C. This evidences the low temperature regime of the sintering process. Additionally, this is due to the shorter burning time of the biomaterials particles compared with coke and anthracite particles. Mnykh et al. [32] considered the change in the burning time of anthracite and coke particles in term of the dependence on their size and reported that for the standard size of fuel particles the combustion time of the coke breeze was 48-52 s and for the anthracite it was 72-76 s during sintering. However, in our experiments for the sunflower husks with the sizes up to 3 mm, the time of combustion did not exceed 40 s. As a result, it did not allow providing the required temperature for the sintering process. Consequently, in the case of lowering the temperature of the process, the amount of primary ore in the sinter increased, which led to the decrease in the content of hematite formed during the secondary oxidation of magnetite. The low combustibility of anthracite enabled the incomplete consumption of fuel during the sintering process, namely, the amount of the residual carbon in the sinter made 10 % of its initial content in the blend. Fig. 4 shows the change in the specific capacity of the sintering pot, depending on the biomaterials content in the blend. It is known that the specific capacity of a sintering pot depends on the sinter yield and the sintering velocity. However, Fig. 4 shows that despite the increase in the sintering velocity, the addition of biomaterials reduces the specific capacity of the sintering pot by reducing the sinter yield. Based on the results have been obtained and the above-mentioned information, we conclude that the substitution rate for charcoal or walnut shells is suitable as much as 25 %. In the case of using sunflower husks, the required specific capacity could not be reached in the sintering process. Therefore, this biomaterial requires preliminary preparation if there is the need for its further application in the iron ore sintering. Dependence of the specific capacity on the fuel type The substitutive application of more than 50 % of charcoal or more than 25 % of walnut shell in the fuel causes the dramatic adverse effect produced on the resulting sinter impact strength due to the increasing porosity within the sinter. At the same time, these substitution rates allow sinter to possess the abrasion strength value and to exceed the values of coke breeze and anthracite. Eventually, based on the results of an experimental study of the alternative fuels influence on the basis of plant biomass in the iron ore sintering process and the quality of the obtained sinter, it has been established that charcoal or walnut shell can be used in the amount of 25 %. The sunflower husk utilisation is possible by pre-conditioning this material to increase its bulk density, for instance, by pressing.
Conclusions
The review in this work shows the possibilities of efficient biomass utilisation in the process of iron ore sintering. Such approach is able to improve the production and the environmental aspects of the process. Due to the preparation and further application of the biomass with certain characteristics, it is possible to improve the thermal parameters of the sintering process, to increase the process productivity and to obtain sinter with the desired quality. The study on the influence of various biomaterials types on iron ore sintering process and the obtained sinter quality, in comparison with the conventional types of the fuels, allow establishing the feasibility of replacing 25 % of coke breeze by charcoal or the walnut shell. The use of the biofuels in such a ratio to the coke breeze enables sustaining the process efficiency and sinter strength at the required level. The key characteristic of the biomaterials applied as a fuel for sintering is the bulk density, which determines the thermal parameters of the process, and the sinter structure. Therefore, in order to improve the technological indicators of the sintering process with biofuels utilisation, the preliminary preparation of biomaterials should be carried out with the purpose to increase their bulk density. Thus, the effective sunflower husk application is possible only with its preliminary preparation. Finally, the promising direction of improving the sintering technology with the biomaterials utilisation is the use of separate pelletizing methods.
